Epstein-Barr virus (EBV) membrane glycoprotein 42 (gp42) is required for viral entry into B lymphocytes through binding to human leukocyte antigen (HLA) class II on the B-cell surface. EBV gp42 plays multiple roles during infection, including acting as a coreceptor for viral entry into B cells, binding to EBV glycoprotein H (gH) and gL during the process of membrane fusion, and blocking T-cell recognition of HLA class II-peptide complexes through steric hindrance. EBV gp42 occurs in two forms in infected cells, a full-length membranebound form and a soluble form generated by proteolytic cleavage that is secreted from infected cells due to loss of the N-terminal transmembrane domain. Both the full-length and the secreted gp42 forms bind to gH/gL and HLA class II, and the functional significance of gp42 cleavage is currently unclear. We found that in a virus-free cell-cell fusion assay, enhanced secretion of gp42 promoted fusion with B lymphocytes, and mutation of the site of gp42 cleavage inhibited membrane fusion activity. The site of gp42 cleavage was found to be physically distinct from the residues of gp42 necessary for binding to gH/gL. These results suggest that cleavage and secretion of gp42 are necessary for the process of membrane fusion with B lymphocytes, providing the first indicated functional difference between full-length and cleaved, secreted gp42.
Epstein-Barr virus (EBV) is a large DNA virus belonging to the human gammaherpesvirus subfamily. EBV is orally transmitted through saliva and persists for the lifetime of its human host, establishing a latency reservoir in B lymphocytes with intermittent viral reactivation (1, 27) . More than 90% of the world's adult population is infected with EBV, although in healthy individuals, viral reactivation from latency is quickly controlled by the immune system. During primary infection and viral reactivation from latency, EBV infects epithelial cells as well as B lymphocytes (27) . Primary infection with EBV can lead to development of infectious mononucleosis, and EBV has also been strongly associated with a number of human malignancies of epithelial and B-cell origin, including Burkitt's lymphoma and nasopharyngeal carcinoma (4, 9, 10, 33, 36) .
EBV encodes a number of membrane glycoproteins important in a variety of viral processes, including entry of the virus into target host cells and virus-induced cell-cell fusion. The membrane glycoproteins necessary for fusion with both epithelial and B cells are glycoprotein B (gB), gH, and gL, and together, they form the core virus fusion machinery (7, 20, 24, 29) . In addition to these glycoproteins, glycoprotein 42 (gp42) has been shown to play an essential role in membrane fusion with B cells (7, 18, 20) . Attachment of EBV virions to B cells occurs through binding of the main envelope protein gp350/ 220 to CD21 (also known as complement receptor type 2) (5, 23, 34) . This interaction enhances the efficiency of EBV infection of B cells but is not required for viral entry (12, 30) . Antibodies to gp350/220 inhibit EBV infection of B cells but enhance infection of epithelial cells, possibly by facilitating the access of other viral glycoproteins to the epithelial cell membrane (35) . Virus-cell membrane fusion is subsequently triggered by binding of gp42 to human leukocyte antigen (HLA) class II on the B-cell surface (6, 8, 11, 17, 31) . Interestingly, gp42 appears to function as a switch of cellular tropism between epithelial and B cells. The presence of gp42 in the viral envelope is necessary for infection of B lymphocytes, and virions that are low in gp42 are better able to infect HLA class II-negative epithelial cells (3) . Aside from its role in membrane fusion, gp42 plays a significant role in evasion of the host immune system. Gp42 binds to HLA class II-peptide complexes in infected cells, sterically hindering T-cell recognition of the complex by the T-cell receptor (25) . This inhibition may allow EBV to delay detection by the host immune system. Two different mature forms of gp42 are produced by EBVpositive B lymphocytes in the lytic cycle (26) . The first form is a full-length type II membrane protein, and the second is a truncated soluble form (s-gp42) (26) . s-gp42 is generated by posttranslational cleavage (most likely mediated by a cellular protease resident in the endoplasmic reticulum) and is secreted (26) . Both forms of gp42 associate with HLA class II intracellularly, and both inhibit HLA class II-restricted antigen presentation to T cells (26) . Both forms of gp42 produced by EBV-positive B cells in the lytic cycle were found to be present in gH-gL-gp42 complexes, indicating that s-gp42 retains the ability to bind gH/gL (26) . The physiological significance of s-gp42 is currently unclear, but this form has been suggested to function in infection and immune evasion, blocking EBV entry receptors on lytically infected B cells to prevent reinfection and neutralizing gp42-specific antibodies following its secretion from infected cells (26) .
Both forms of gp42 have been examined for their functions in mediating evasion from T-cell immunity through binding to HLA class II complexes (26) , but the functions of the two forms of the protein in membrane fusion are unknown. To examine how each form of gp42 functions during membrane fusion, we have assayed the effect of gp42 cleavage site mutation on this process. Also, to distinguish residues important for gp42 cleavage from those necessary for association with gH/gL, we have constructed a number of fully secreted gp42 truncation mutants and examined their interaction with gH/gL and their ability to mediate fusion. Mutation or deletion of the gp42 cleavage site inhibited or eliminated cleavage of the protein, which had a direct effect on gp42 function in membrane fusion. An assay of N-terminal truncations of gp42 indicated that the region of gp42 necessary for cleavage was physically distinct from the region of gp42 necessary for association with gH/gL. We show that membrane association of gp42 has an inhibitory effect on gp42 function in membrane fusion and that increased secretion of gp42 stimulates membrane fusion in vitro. Cleavage of gp42 may be necessary for EBV gp42 to assume a functional position, interaction, or conformation for participation in membrane fusion.
MATERIALS AND METHODS

Cells and antibodies.
Mammalian cells were grown in 25-cm 2 or 75-cm 2 cell culture flasks (Corning) in medium supplemented with 10% FetalPlex animal serum complex (Gemini Bio-Products) and 1% penicillin-streptomycin (BioWhittaker). Mammalian B cells were Daudi B lymphocytes that are EBV positive, express HLA class II and CD21 (American Type Culture Collection), and are modified to stably express T7 RNA polymerase under selection of G418 (700 g/ml) in RPMI 1640 medium (BioWhittaker) (28) . Chinese hamster ovary K1 (CHO-K1) cells were kindly provided by Nanette Susmarski and were grown in complete Ham's F-12 medium (BioWhittaker). Versene (1 mM EDTA in phosphate-buffered saline [PBS]) or trypsin-Versene (BioWhittaker) was used to detach adherent cells. Polyclonal anti-gp42 antibody serum (PB1114) was used as previously described (21, 28) . Monoclonal antibody 3H3 (anti-gp42) was obtained as previously described (14) . Monoclonal antibody E1D1 (anti-gH/gL) was a gift kindly provided by L. Hutt-Fletcher (Louisiana State University Health Sciences Center, Shreveport, LA) (32) .
Mutants. Gp42 mutant ⌬37-41 was kindly supplied by Amanda Lowery and was cloned as described previously (13) . Mutant gp42-EK was generated using a previously described double-arm PCR approach (13) . Mutant primers were generated to incorporate a 5-residue substitution at residues 37 to 41, replacing the wild-type gp42 sequence with the enterokinase cleavage site (VAAAA to DDDDK) as well as a silent restriction enzyme-cutting site. In the initial PCR, the mutant primers were paired with primers flanking the EBV gp42 gene in the pCAGGS.mcs vector (P1 and P2 [13] ), each matched with its complementary directional mutant primer on a wild-type EBV gp42 plasmid template. PCR products were confirmed by gel electrophoresis and then used as templates with the flanking primers in the second PCR to generate full-length mutant gp42, which was confirmed by gel electrophoresis, cut with EcoRI and BglII, and ligated for 4 h at 25°C with vector that had been digested under the same conditions.
Gp42 truncation mutants ⌬36, ⌬41, ⌬46, and ⌬51 were cloned through a different PCR approach. The signal sequence of EBV gB (residues 1 to 22) was amplified from wild-type EBV gB in the pSG5 vector by using a forward primer, gBssAmp_Forward (CGACTCACTATAGGGCGAATTCG), and mutant-specific reverse primers that included the first 18 bases of the gp42 sequence after the end of the gB signal sequence in each mutant. These reverse primers were gBssAmp⌬36_Reverse (GATGGCCGCGGCTGCCACCGCACCGAGACGG CACGC), gBssAmp⌬41_Reverse (GGTTTGGGTACCCAGGTGATCGCACC GAGACGGCACGC), gBssAmp⌬46_Reverse (GACCTCTACATTTGGTTTC GCACCGAGACGGCACGC), and gBssAmp⌬51_Reverse (GGAGGATCCAC CGGCCAGACCGCACCGAGACGGCACGC). The initial PCRs with these primers resulted in amplification of the gB signal sequence and the first 18 bases of the gp42 sequence in each gp42 truncation mutant. The products of each reaction were purified using a Qiagen PCR purification kit, and the products were each used as the forward primer in a second set of PCRs. These reactions amplified both the gB signal sequence and the wild-type gp42 sequence included in each gp42 truncation mutant, and wild-type gp42 in the pCAGGS vector was used as the template in these reactions. The reverse primer in each reaction was s-gp42TotalAmpReverse (CGAGATCTTTAGCTATTTGATCTTTGACTGAC ACATAAACATGG). PCR products were confirmed by gel electrophoresis, cut with EcoRI and BglII, and ligated for 4 h at 25°C with vector that had been digested under the same conditions. All ligated products were transformed and selected on ampicillin plates. Colonies were picked and grown overnight to generate minipreparations, which were digested to confirm the introduction of the mutation. Minipreparations were sequenced, and positive clones were then grown in large quantities, isolated using an EndoFree Plasmid maxikit (Qiagen), and sequenced again.
Transfection. (i) Fusion assay. CHO-K1 cells were transfected in Opti-MEM I medium (Gibco) by a uniform protocol using Lipofectamine 2000 (Invitrogen), as previously described (28) . Cells were plated in a six-well format, and after 24 h, each well received 5 l of Lipofectamine 2000 and various combinations of expression vectors in the following amounts: 0.5 g for gH, 0.5 g for gL, 0.5 g for gB, 0.8 g for luciferase, 0.5 g for green fluorescent protein, and 1.5 g for the pCAGGS vector control. In the case of gp42-transfected CHO-K1 cells, green fluorescent protein and pCAGGS plasmids were replaced with 2 g of wild-type or mutant gp42.
(ii) Expression and assay of binding of s-gp42 to HLA class II. Four micrograms of pCAGGS vector, wild-type gp42 vector, or mutant gp42 vector was transfected as described above via Lipofectamine 2000 into each well in a sixwell-plate format.
(iii) Immunoprecipitation. Wild-type or mutant gp42, EBV gH, and EBV gL (1.33 g each) was transfected as described above via Lipofectamine 2000 into each well in a six-well-plate format. For the condition with gH/gL alone, 1.33 g of empty vector was transfected in place of gp42. For the condition with gp42 alone, 2.66 g of empty vector was transfected in place of gH and gL.
Western blotting. CHO-K1 cells were transfected as stated above. The medium was changed 6 h later to complete Ham's F-12 medium, and cells and culture supernatants were collected at 48 h posttransfection. Cells were detached with Versene, washed in PBS, and lysed using a 1% Triton X-100 buffer. Culture supernatants were collected prior to cell detachment and were spun down to pellet-detached cells. Supernatants and lysates were run on Bio-Rad Criterion gels in sodium dodecyl sulfate (SDS) sample buffer at 100 V for 100 min. Proteins were transferred to Immobilon-P membranes in transfer buffer at 100 V for 90 min with cooling. Blots were blocked in Tris-buffered saline with Tween 20 with 5% milk for 1 h at room temperature or overnight at 4°C and then incubated for 1 h at room temperature with a rabbit polyclonal anti-gp42 antibody (PB1114) diluted 1:2,000 in blocking solution. Blots were washed, and a horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G (IgG; Cell Signaling) was applied for 45 min at room temperature. The blots were washed again and then mixed in equal volumes of enhanced chemiluminescence solutions and exposed to hyperfilm (Amersham Biosciences).
Following exposure, the blots were rotated with stripping buffer containing 100 mM beta-mercaptoethanol, 62.5 mM Tris-HCl (pH 6.8), and 2% SDS at 55°C for 1 h. They were washed twice in Tris-buffered saline with Tween 20 and blocked in Tris-buffered saline with Tween 20 with 5% milk for 1 h at room temperature or overnight at 4°C. The blots were then incubated for 1 h at room temperature with a mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) antibody (Abcam) diluted 1:10,000 in blocking solution. The blots were washed, and an HRP-conjugated anti-mouse IgG (Cell Signaling) was applied for 45 min at room temperature. The blots were washed again and then mixed in equal volumes of enhanced chemiluminescence solutions and exposed to hyperfilm (Amersham Biosciences).
Fusion assay. CHO-K1 cells were transiently transfected as described above. At 24 h posttransfection, the cells were detached with Versene and 2.5 ϫ 10 5 cells/well in 0.5 ml were transferred to a 24-well format and overlaid with equal numbers of Daudi B target cells in 0.5 ml. Cells were counted using a Beckman Coulter Z1 particle counter. Equal numbers of CHO-K1 cells plated and Daudi cells overlaid were used in each experiment, and the total volume was 1 ml per well. Twenty-four hours after overlay, cells were washed with PBS and lysed with 100 l passive lysis buffer (Promega) per well. Luciferase activity was quantified by transferring duplicate 20-l aliquots of cell lysate to a 96-well opaque plate with clear well bottoms (Wallac), and luminescence was measured with a PerkinElmer Victor plate reader immediately after addition of 100 l/well of luciferase assay reagents (Promega).
Cell enzyme-linked immunosorbent assay (CELISA). CHO-K1 cells were transfected as described above via Lipofectamine 2000 with 1.3 g of wild-type gp42 or mutant gp42 and either 1.3 g each of EBV gH and gL or 2.6 g of pCAGGS vector. After 6 h, the medium was changed, and at 24 h posttransfection, cells were detached with Versene and transferred to Corning 96-well plates, using 3 wells per sample. After incubation for 24 h at 37°C, cells were washed with PBS-ABC (PBS with 0.89 g of CaCl 2 and 0. Immunoprecipitation. CHO cells were transiently transfected as described above. The medium was changed to complete Ham's F-12 medium at 6 h posttransfection, and at 48 h posttransfection, cells were detached with Versene, counted using a Beckman Coulter Z1 particle counter, washed in ice-cold PBS, and lysed with 1% Triton X-100 lysis buffer at a concentration of 10 million cells/ml. Fifty-microliter aliquots of each lysate were added to 2ϫ SDS sample buffer, and the remainder of each lysate was split into three equal parts. Onethird of each lysate was rotated with 25 l of agarose beads cross-linked to protein G (Amersham Biosciences) alone, one-third was rotated with 1 l of anti-gp42 monoclonal antibody 3H3 and 25 l of agarose beads cross-linked to protein G, and one-third was rotated with 1 l of anti-gH/gL monoclonal antibody E1D1 and 25 l of agarose beads cross-linked to protein G. All samples rotated for at least 3 h at 4°C. Samples were washed a minimum of three times with ice-cold PBS, and 50 l of 2ϫ SDS sample buffer was added to each sample. Lysates and immunoprecipitations were run on Bio-Rad 12.5% Criterion gels in SDS sample buffer as described above and were transferred and blocked as described above. The lysates were blotted with anti-GAPDH monoclonal antibody (Abcam), and the immunoprecipitations were blotted with PB1114 as described above.
Binding of s-gp42 to HLA class II-expressing cells. CHO-K1 cells were transfected as described above. The medium was changed 6 h later to complete Ham's F-12 medium, and culture supernatants were collected at 48 h posttransfection as described above. Supernatants were run on Bio-Rad 10% Criterion gels in SDS sample buffer, transferred, blocked, and blotted with gp42-specific antibody PB1114 as described above. After measurement of the relative levels of s-gp42 in CHO-K1 cell supernatants by Western blotting followed by densitometry (ImageJ), supernatants were diluted in complete Ham's F-12 medium to normalize protein concentrations between samples. Y107A, a previously described gp42 mutant known to not bind HLA class II, was utilized as a negative control (28) . Normalized supernatants were incubated with 3.0 ϫ 10 6 Daudi cells while rotating at 4°C for 20 min. Following this incubation, cells were washed three times with ice-cold PBS and each population was lysed with 300 l 1% Triton X-100 buffer. Fifty-microliter aliquots of each lysate were added to 2ϫ SDS sample buffer, and the remainder of each lysate was rotated with 1 l of gp42-specific monoclonal antibody 3H3 and 25 l of agarose beads cross-linked to protein G (Amersham Biosciences) for at least 3 h at 4°C. Samples were washed a minimum of three times with ice-cold PBS, and 50 l of 2ϫ SDS sample buffer was added to each sample. The cell lysates and immunoprecipitations were run on Bio-Rad 10% Criterion gels in SDS sample buffer, transferred, and blocked as described above. The immunoprecipitations were blotted with PB1114, and the lysates were blotted with anti-GAPDH monoclonal antibody (Abcam) as described above.
RESULTS
Mutants of the gp42 N-terminal site of cleavage. EBV gp42 is a type II membrane protein with a number of identified functional domains (Fig. 1A) . Within the N-terminal region is the site of gp42 cleavage, indicated to occur between residues 40 to 42, although the exact residues necessary for cleavage have not been identified (26) . A signal sequence cleavage site is predicted to occur between residues 33 and 34 of gp42, but cleavage at this site is unlikely, since N-terminal sequencing of purified s-gp42 from culture supernatants of cells stably expressing gp42 indicates that cleavage occurs near amino acids 40 to 42 (26) , and deletion of amino acids 32 to 36 from gp42 does not inhibit secretion of gp42 from transfected cells (13) .
A previously described gp42 deletion mutant, gp42 ⌬37-41 (Fig. 1B) , does not function in fusion, although it is expressed and trafficked to the surfaces of transfected cells similarly to wild-type gp42 (13) . Unlike wild-type gp42, this mutant is not secreted from transfected cells (13) . The ⌬37-41 deletion spans residues potentially involved in gp42 cleavage (26) . To further examine whether cleavage and secretion of gp42 are linked to the ability of the protein to mediate fusion, gp42-EK, a new mutant in which an enterokinase recognition sequence (DDDDK) was substituted for residues 37 to 41 of wild-type gp42 (VAAAA), was constructed (Fig. 1B) .
Whole-cell expression and secretion of gp42 cleavage mutants. Although inducible cleavage of gp42-EK was not observed by cotransfection with a construct expressing the catalytic subunit of bovine enterokinase (16) or by addition of recombinant enterokinase (Novagen) to cell culture supernatants (data not shown), we found that replacement of the wild-type gp42 sequence with the enterokinase cleavage site disrupted normal cleavage of gp42 (Fig. 2) . When transfected (A) Wild-type gp42 including the cleavage site and the surrounding sequence. The relative locations of other known functional domains are also indicated. PTMD is the putative transmembrane domain, predicted to span residues 9 to 22. The site of gp42 cleavage has been narrowed to residues 40 to 42 and is indicated by an asterisk. The core gH/gL binding region is indicated to span residues 47 to 56 and 67 to 81, approximately. CTLD is the C-terminal C-type lectin domain, which includes the hydrophobic pocket and HLA class II-binding region. (B) gp42 mutants described in this study. SS indicates the gp42 signal sequence, which has been predicted to span residues 1 to 34. The boxes labeled gB indicate that the signal sequence of gp42 has been replaced with the signal sequence of EBV gB (residues 1 to 22). Lines connecting boxes indicate deleted regions in the gp42 mutants. The black box labeled EK indicates the replacement of residues 37 to 41 of gp42 (VAAAA) with an enterokinase cleavage site (DDDDK). WT, wild type.
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into CHO-K1 cells, gp42-EK was largely retained within the cells, with a noticeable increase in this protein in transfected whole-cell lysate compared to the level for wild-type gp42 ( Fig.  2A) . Conversely, there was a marked decrease in secretion of gp42-EK from transfected CHO-K1 cells into the culture supernatant compared to the level for wild-type gp42 (Fig. 2B ). Similar to previous observations (13), gp42 ⌬37-41 was expressed well in transfected CHO-K1 cells but little to no ⌬37-41 was secreted. The presence of multiple bands in lanes containing cell lysate from gp42-transfected cells is likely due to the facts that both forms of gp42 are heavily glycosylated (26) and that both immature and mature forms of the protein were detected. The increase in cell association and the decrease in secretion observed with gp42-EK indicated that substitution of residues 37 to 41 of gp42 disrupted but did not completely eliminate wild-type cleavage of gp42. Despite decreased secretion with both gp42 cleavage mutants, the cell surface expression levels of gp42-EK and gp42 ⌬37-41 were similar to that for wild-type gp42 in transfected CHO-K1 cells, as shown by CELISA (see Fig. 5A ). Function of gp42 cleavage mutants in membrane fusion. To examine the effect of mutation of gp42 residues 37 to 41 on membrane fusion, gp42 ⌬37-41 and gp42-EK were tested in a virus-free cell-cell fusion assay (2, 14, 19) . CHO-K1 cells were transiently transfected with gB, gH, gL, and wild-type or mutant gp42 and overlaid with Daudi B cells, and mutants were assayed for their ability to mediate membrane fusion. As previously described (13), gp42 ⌬37-41 was unable to mediate cell fusion. The substitution mutant gp42-EK, however, showed ϳ35% membrane fusion activity compared to the level for wild-type gp42 (Fig. 3) . This decrease in the ability of gp42-EK to mediate membrane fusion closely correlated with the reduction in secretion from the wild-type level seen with this mutant (Fig. 2B ). This correlation is also seen with gp42 ⌬37-41, as this mutant appears to be at most only negligibly secreted (Fig. 2B ) and has no membrane fusion activity (Fig. 3) . These data suggest that the amount of gp42 cleavage may be directly linked to the ability of the protein to mediate membrane fusion and that cleavage of the protein is necessary for productive membrane fusion to occur.
Construction of gp42 N-terminal truncation mutants. The described mutants demonstrate that residues 37 to 41 of gp42 are important for membrane fusion, but an alternative explanation for the observed membrane fusion defects is that these residues are important for binding of gH/gL to gp42. A deletion study of the N terminus of gp42 indicated that residues 37 to 41 are not essential for binding to gH/gL (13) , but the possibility remains that deletion or substitution of these amino acids may destabilize binding of gp42 to gH/gL, an association that is necessary for membrane fusion to occur. To determine whether residues 37 to 41 of gp42 are required for wild- type   FIG. 2 . Cellular expression and secretion of gp42 mutants ⌬37-41 and gp42-EK. CHO-K1 cells were transiently transfected to express wild-type (WT) or mutant gp42. Transfected cells were lysed, and lysates (A) and culture supernatants (B) were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting with rabbit polyclonal anti-gp42 antibody PB1114. Size markers in kDa are noted to the left of the blots. Lysates and supernatants were also blotted with GAPDH as a loading control (A) and as a control for cell lysis (B).
FIG. 3.
Effect of gp42 cleavage site mutation on membrane fusion with B cells. Relative luciferase activity was measured in a cell fusion assay using CHO-K1 cells transfected with gB, gH, gL, and wild-type or mutant gp42 overlaid with B cells (DaudiT7). The data shown were averaged from a minimum of five independent experiments, and luciferase activity was normalized to the wild-type levels, which were set to 100%. Error bars represent standard deviations for the normalized values.
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on November 12, 2017 by guest http://jvi.asm.org/ binding of gp42 to gH/gL, four N-terminal truncations of gp42 were constructed (Fig. 1B) . These truncations were designed with progressive deletions of the gp42 N terminus, and all were deleted for the entire putative gp42 signal sequence, including the gp42 transmembrane domain. The entire gp42 transmembrane domain was removed to ensure 100% secretion of the truncation mutants, allowing the residues necessary for gH/gL binding to be further defined independent of gp42 cleavage and secretion. To ensure that the mutants were similar to wild-type gp42 in trafficking and cell surface localization, the EBV gB signal sequence, which does not contain a transmembrane domain, was substituted for the gp42 signal sequence. Whole-cell expression and secretion of gp42 truncation mutants. All four of the gp42 truncation mutants were expressed at levels similar to those for wild-type gp42 in cell culture, and all four appeared to be entirely secreted. Western blotting of lysates with gp42-specific polyclonal antibody PB1114 demonstrated that all the truncation mutants were expressed (Fig.  4A) . Unsurprisingly, the molecular masses of the gp42 truncation mutants were slightly lower than those of wild-type gp42 and the predominantly membrane-bound gp42 cleavage mutants, due to loss of mature full-length gp42, which can be visualized just below the 50-kDa marker in Fig. 4A in the wild-type gp42 lane. All of the truncation mutants were secreted into cell culture supernatants similarly to wild-type gp42 (Fig. 4B) . Following Western blotting, both the cell lysate and the culture supernatant blots were stripped and reprobed with anti-GAPDH monoclonal antibody as a loading control (Fig.  4A) and as a control for cell lysis (Fig. 4B) . No GAPDH was visible in any of the culture supernatant lanes, indicating that cell lysis does not significantly contribute to the protein present in the culture supernatants (Fig. 4B) . The data summarized in Fig. 4 indicate that the gp42 truncation mutants are expressed similarly to wild-type gp42 and are fully secreted from transfected CHO-K1 cells.
Cell surface expression of gp42 mutants. As an alternative approach for determining the secretion levels of the gp42 truncation mutants from transfected cells and for assaying the binding of the mutants to gH/gL on the surfaces of transfected cells, the truncation mutants were examined by CELISA in the presence and absence of cotransfected gH/gL (Fig. 5) . When transfected alone into CHO-K1 cells, none of the truncation mutants were detected on the transfected cell surface, unlike wild-type gp42, which was abundant (Fig. 5A) . These data indicate that all of the gp42 truncation mutants are fully secreted and do not bind nonspecifically to the surfaces of transfected cells. In the presence of cotransfected gH/gL, truncation mutants ⌬36, ⌬41, and ⌬46 were detected on the cell surface at levels similar to or higher than those for wild-type gp42, while mutant ⌬51 was not detected (Fig. 5B) . These data indicate that secreted truncation mutants ⌬36, ⌬41, and ⌬46 were able to bind specifically to gH/gL at the surfaces of transfected cells but that mutant ⌬51 lacked the wild-type ability to bind to gH/gL. The presence of cotransfected gH/gL had no effect on cell surface expression of gp42-EK or gp42 ⌬37-41 (Fig. 5B) .
Binding of gp42 mutants to gH/gL. Binding of the gp42 truncation mutants to gH/gL was also assayed by immunoprecipitation to further understand the residues of gp42 important for this interaction. Immunoprecipitation with anti-gH/gL monoclonal antibody E1D1 followed by Western blotting with anti-gp42 polyclonal antibody PB1114 was performed to assay gH/gL binding with gp42 (Fig. 6B) . Identical aliquots of each lysate were simultaneously immunoprecipitated with anti-gp42 monoclonal antibody 3H3, followed by Western blotting with anti-gp42 polyclonal antibody PB1114, to ensure the presence of gp42 in non-gH/gL transfected samples (Fig. 6A ). Lysates were also subjected to Western blotting with anti-GAPDH monoclonal antibody as a loading control (Fig. 6A) . The slight variations in the sizes of the gp42 truncation mutant products in Fig. 6A compared to the levels for Fig. 4A are likely due to the binding of mature secreted gp42 to cotransfected gH/gL. In Fig. 4A , this mature form of the protein is fully secreted from transfected cells, since gH/gL is not present.
In agreement with the CELISA data, gp42 mutants ⌬36, ⌬41, and ⌬46 bound to gH/gL, while mutant ⌬51 did not (Fig.  6B) . Wild-type gp42 alone was not immunoprecipitated nonspecifically with gH/gL-specific antibody (Fig. 6B) . Gp42 ⌬51 was fully secreted from transfected cells, with only immature, partially glycosylated forms of the protein immunoprecipitated with anti-gp42 monoclonal antibody 3H3 (Fig. 6A) . Since all four of the truncation mutants were found to be fully secreted, the lack of detection of mature gp42 ⌬51 with anti-gp42 antibody indicates that this mutant was unable to bind to gH/gL on the transfected-cell surface and was fully secreted into the culture medium. No gp42 ⌬51 was seen after immunoprecipitation with anti-gH/gL antibody, further indicating that the mutant is missing residues necessary for binding to gH/gL (Fig. 6B) . Binding of gp42 truncation mutants to HLA class II-expressing B cells. While the site of binding of gH/gL to gp42 is proximal to the putative site of gp42 cleavage (13, 26) , the region of gp42 involved in binding to HLA class II is distal to the cleavage site in the C-terminal C-type lectin domain (22, 31) . However, binding of gp42 to HLA class II is necessary for B-cell membrane fusion to occur (17) , and mutation of gp42 could potentially disrupt the wild-type ability to bind HLA class II on the B-cell surface. To determine if residues proximal to the putative gp42 cleavage site are necessary for binding of gp42 to HLA class II, each of the gp42 truncation mutants was assayed for the ability to bind HLA class II on the B-cell surface (Fig. 7) . Similar to previous studies examining binding of s-gp42 to HLA class II (28) , the Daudi human B-cell line, known to express high levels of HLA class II, was utilized. Previous studies have shown that binding of gp42 to target B cells is dependent on HLA class II expression (17, 31) . In this assay, supernatants of transfected CHO-K1 cells were collected and s-gp42 protein concentration was visualized by Western blotting with gp42-specific polyclonal antibody PB1114 (Fig. 7A) . The relative concentrations of s-gp42 were normalized between samples through dilution with complete Ham's F-12 medium so that similar levels of s-gp42 were contained in all samples. Normalized supernatants were then rotated with Daudi cells at 4°C to allow binding of gp42 to HLA class II on the B-cell surface. Following rotation, Daudi cells were washed and lysed, and lysates were immunoprecipitated with anti-gp42 monoclonal antibody 3H3. Only s-gp42 that was able to bind HLA class II would be detected when immunoprecipitated. Immunoprecipitated gp42 was detected by Western blotting with anti-gp42 polyclonal antibody PB1114 (Fig.  7B ). Lysates were also analyzed by Western blotting with anti-GAPDH monoclonal antibody as a loading control (Fig. 7B) .
Controls are shown in the first lanes of Fig. 7A . taining culture supernatant from empty-vector-transfected CHO-K1 cells. This nonspecific band was present in all the Ham's F-12 medium-containing supernatant lanes. Abundant wild-type or mutant s-gp42 was present in all the culture supernatants from g42-transfected CHO-K1 cells (Fig. 7A) . After immunoprecipitation of Daudi cell lysates, gp42 was detected in the wild-type gp42 lane and each gp42 truncation mutant lane but not in the Ham's F-12, empty vector, or gp42 Y107A lane (Fig. 7B ). Y107A is a previously described gp42 mutant known to not bind HLA class II (28) and was included as an additional negative control. These results indicate that loss of up to 51 amino acids from the N terminus of gp42 does not disrupt binding of gp42 to HLA class II. Function of gp42 truncation mutants in membrane fusion. To examine the effect of mutation of the gp42 N-terminal truncation mutants on membrane fusion, the truncations were tested in the above-described virus-free cell-cell fusion assay (Fig. 8) . Truncation mutants ⌬36 and ⌬41 showed membrane fusion activities moderately higher than that of wild-type gp42, but these increases were statistically significant by Student's t test for the ⌬41 mutant only (P Ͻ 0.01). Truncation mutant ⌬46 showed a slight decrease in membrane fusion activity, although this decrease was not found to be statistically significant. Unsurprisingly, truncation mutant ⌬51, which was shown to be unable to bind to gH/gL, showed no membrane fusion activity. These data indicate that deletion of up to the first 46 amino acids of the N terminus of gp42 has no significant inhibitory effect on wild-type expression, secretion, binding to gH/gL, binding to HLA class II, or ability to mediate membrane fusion with B cells.
DISCUSSION
In this study, we investigated the functional significance of gp42 cleavage and found that gp42 cleavage mutants lost the wild-type ability to mediate B-cell membrane fusion. Substitution or deletion of residues 37 to 41 of gp42 did not significantly alter normal gp42 expression. However, replacement of the wild-type sequence (VAAAA) with the cleavage site of enterokinase (DDDDK) or deletion of the residues inhibited or eliminated wild-type secretion of gp42, respectively. Experiments examining these gp42 cleavage mutants, ⌬37-41 and gp42-EK, for their ability to mediate membrane fusion with B cells in a virus-free cell-cell fusion assay found that their function in membrane fusion closely correlated with the secretion of each mutant from transfected CHO-K1 cells. Deletion mutant ⌬37-41 was negligibly secreted and did not mediate membrane fusion with B cells. Substitution mutant gp42-EK showed impaired secretion (approximately one-third that of wild-type gp42), and its ability to mediate fusion with B cells was ϳ35% that of wild-type gp42. These data indicate that some or all of residues 37 to 41 of gp42 are necessary for wild-type cleavage and secretion and suggest that cleavage and secretion may be directly linked to gp42 function in membrane fusion.
The proximity of the gp42 cleavage site to the gH/gL binding region of gp42 was a concern, since the observed loss of the ability of the gp42 cleavage mutants to mediate membrane fusion could possibly be explained by disruption of binding of gp42 to gH/gL. However, we found through examination of the four truncation mutants created to address this possibility that up to 46 amino acids could be deleted from the N terminus of gp42 with no decrease in wild-type ability to bind gH/gL. Creation of gp42 mutants that were fully secreted allowed us to examine residues necessary for binding to gH/gL independent of gp42 cleavage and secretion, and we found that the gp42 cleavage site was physically distinct from the residues of gp42 necessary for binding to gH/gL.
An assay of gp42 truncation mutant binding to HLA class II by incubation of s-gp42 with Daudi B cells expressing HLA class II followed by immunoprecipitation of cell lysates with gp42-specific antibody determined that all of the truncation mutants retained the ability to bind to HLA class II. These data support the findings of a previous study examining gp42 truncations that found that deletion of 58 residues or more from the N terminus of gp42 does not disrupt binding of gp42 to HLA class II (31) . These results indicated that loss of HLA class II binding was not responsible for any defect in ability to mediate membrane fusion observed with the gp42 cleavage site mutants or the N-terminal truncation mutants.
Truncation of the N terminus of gp42 did not have a deleterious effect on the ability of mutants ⌬36, ⌬41, and ⌬46 to mediate membrane fusion with B cells. Interestingly, mutant ⌬41, which begins at the predicted start of wild-type s-gp42, showed a significant increase in ability to mediate membrane fusion over wild-type gp42 (P Ͻ 0.01 by Student's t test). This increase may be due to the increased secretion of this mutant over that of wild-type gp42. Truncation mutant ⌬51 was unable to mediate fusion with B cells, a defect that can be attributed to its inability to bind to gH/gL, an interaction necessary for virus-induced membrane fusion to occur. These data indicate that truncation to residue 46 of the gp42 N terminus does not negatively affect the ability of gp42 to mediate membrane fusion with B cells.
The site of gp42 cleavage was found to be physically distinct from the residues of gp42 necessary for binding to gH/gL, indicating that mutation of the gp42 cleavage site does not disrupt gH/gL binding. A likely explanation for the defect in ability to mediate membrane fusion observed with gp42 cleavage mutants ⌬37-41 and gp42-EK is that wild-type cleavage and subsequent secretion of gp42 promote membrane fusion. Cleavage of the protein may allow it to assume a favorable position or conformation during membrane fusion, possibly by promoting binding of gp42 to gH/gL. Tethering of gp42 to the cell membrane by the N-terminal transmembrane domain may inhibit protein flexibility, blocking the ability to mediate membrane fusion observed with secreted gp42. It is tempting to speculate that cleavage of gp42 promotes stronger binding to gH/gL, since truncation mutant ⌬41, which begins at the predicted site of gp42 cleavage, shows increased binding to gH/gL at the surfaces of transfected cells. Mutant ⌬41 is able to mediate significantly greater cell-cell fusion than wild-type gp42 in our virus-free cell-cell fusion assay. However, further experiments are necessary to determine the mechanism behind the greater membrane fusion activity observed with the gp42 ⌬41 mutant.
We cannot dismiss the possibility that the membrane fusion FIG. 8 . Effect of N-terminal truncation on membrane fusion with B cells. Relative luciferase activity was measured in a cell fusion assay using CHO-K1 cells transfected with gB, gH, gL, and wild-type or mutant gp42 and overlaid with Daudi B cells. The data shown were averaged from a minimum of five independent experiments, and luciferase activity was normalized to wild-type levels, which were set to 100%. Error bars represent standard deviations for the normalized values.
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on November 12, 2017 by guest http://jvi.asm.org/ defect observed with the gp42 cleavage mutants is due to residues 37 to 41 being essential for full-length gp42 to maintain a conformation that promotes membrane fusion. Deletion or mutation of these residues may inhibit this conformation, causing the observed defect. This explanation seems less likely, however, since no cellular or viral factors are known to bind gp42 at this location and structures of both native and HLA class-II-bound gp42 show that this region of the N terminus is disordered, indicating that it is flexible and not bound to another region of the protein (15, 22) . A greater understanding of the role of the gp42 N terminus in B-cell membrane fusion awaits a crystal structure of the N-terminal region of gp42 in complex with gH/gL. Currently, the physiological significance of the alternate forms of gp42, secreted and full-length, is unclear. It has previously been suggested that s-gp42 functions in immune evasion, potentially binding EBV entry receptors on lytic B cells and preventing reinfection, blocking antiviral humoral immunity by neutralizing gp42-specific antibodies, and inhibiting HLA class II-restricted T-cell recognition of EBV-producing B cells (26) . In the current study, we have found that cleaved, secreted gp42 may exclusively mediate membrane fusion with B cells but that full-length membrane-bound gp42 may be inactive in this process. Further understanding of the functions of the differentially processed forms of gp42, secreted and full-length, requires experiments examining in greater depth the role of each form of the protein in mediating both membrane fusion and immune evasion. This study suggests that cleavage and secretion of gp42 may be necessary for membrane fusion with B cells, potentially identifying a new target for therapeutics against EBV entry and spread.
